Chiral representations are the key in obtaining light fermions from some ultra-violet completed theories. The well-known chiral example is one family set of fifteen chiral fields in the standard model. We find a new chiral theory SU(2) dark ×U(1)Q with sixteen chiral fields, which does not have any gauge and gravitational anomalies. The group SU(2) dark ×U(1)Q may belong to the dark sector, and we present a derivation of the spectrum from the E8×E ′ 8 hetrotic string. Necessarily, there appear two degrees at low energy: two dark-Z ′ 's, or a dark-Z ′ plus a dark-photon. Being chiral, there is a chance to probe this theory at TeV accelerators. Since the model belongs to the dark sector, the way to probe it is through the kinetic mixing.
I. INTRODUCTION
In particle physics, there has been a deep question known as the gauge hierarchy problem: "How do the SM fermions appear at such a small electroweak scale, compared to an ultra-violet completed scale, the Planck mass M P or the grand unification (GUT) scale M GUT ?" Two issues in the hierarchy problem are: (i) obtaining massless SM particles at the ultra-violet completed scale, and (ii) rendering the elctroweak scale masses to the SM fermions. The first issue is resolved by the profound and simple requirement, a chiral theory at the ultra-violet completed scale [1] . The second issue is the method obtaining the vacuum expectation value (VEV) of the Higgs field at the electroweak scale v ew ≃ 246 GeV, a kind of TeV scale, for which the most well-known example is supersymmetry (SUSY) [2] .
In this paper, we propose that any particles appearing at the TeV scale, for a detection possibility at the LHC, must satisfy Condition (i). The best known example is a spinor representation in the SO(4n + 2) GUT models [3] . Orbifolding in extra dimensions presents a possibility of massless particles, as shown in a simple field theoretic orbifold [4] . But, the orbifold compactification in string theory is the prototype example [5] , providing a simple geometrical interpretation. Note, however, that fermionic constructions [6] and Gepner models [7] have been also used in four dimensional (4D) phenomenology from string. In these 4D constructions, it was necessary to check whether vectorlike representations of exotically charged particles, which appear quite often, are present or not as studied in Refs. [8] .
Anyway, Condition (i) is the basic requirement we satisfy at low energy effective theory in 4 dimensions (4D). To realize Condition (ii), model parameters are required to be known in detail, and hence we do not discuss it here except pointing out several mass scales in particle physics. The SM a chiral theory, realized in Nature, describes the electroweak scale physics successfully. So, we anticipate that if a natural chiral model is found then it might have a great chance to be realized in Nature. Since any new particle has not been detected at the LHC so far, a new particle in the new chiral theory, which interacts with the SM sector extremely feebly, must be in the dark sector. Here, the dark sector is not introduced just for explaining cold dark matter (CDM) of the Universe. The well-known CDM examples, "invisible" axions [9] and weaky interacting massive particles (WIMPs) [10] , are belonging to the visible sector. On the other hand, the heterotic E 8 × E ′ 8 string [11] implies a possibility of dark sector from E ′ 8 . If the dark sector introduces CDM, then it is just a bonus.
1 Even though the dark sector interacts with the SM sector extremely feebly, it can be probed by the kinetic mixing terms [13] of two SM gauge bosons, photon and Z. Since the dark sector does not carry the SM weak hyperchage, the charge raising and lowering gauge bosons in the dark sector cannot have kinetic mixings with W ± of the SM. We will show that the simplest chiral theory which does not have any gravitational and gauge anomalies is SU(2) dark ×U(1) Q . Because the rank of this gauge group is 2, we will have two Z ′ gauge bosons at low energy. This minimal model will be called Two Dark Z model (TDZ). The first new particles observed at the CERN SPS proton-antiproton collider were W ± and Z [14] . This is because it is relatively easy to identify leptons at high energy colliders. With this new chiral model, therefore, we expect that the first new particles expected at the LHC are two dark Z's.
In Sec. II, we present the minimal chiral model. In Sec. III, the kinetic mixing in the SU(2) dark ×U(1) Q is discussed. In Sec. IV, it is shown that the minimal chiral model is derivable from a string compactification. Section V is a conclusion. In Appendix, a SUSY scenario based on the hidden sector SU (5) ′ from Z 12−I orbifold compactification [23] is discussed.
II. MINIMAL CHIRAL MODEL
If a new gauge boson pops up near the electroweak scale, it must be from a chiral theory. A chiral theory near the electroweak scale should not have gravititonal and gauge anomalies. First, consider the rank-1 gauge groups. If we consider an SU(2), it is not possible to have a chiral theory because there must be even number of doublets [15] . With only one U(1) Y group, the absence of gravitational anomaly requires Tr Y = 0 and the absence of gauge anomaly in addition requires Tr Y 3 = 0. For example, even though two charged fields Y = +1 and −1 do not have these anomalies, the model is not allowed in our framework because it is vector-like. But if we use the Y of the SM, these two conditions are satisfied.
2 Second, let us consider the rank-2 gauge groups, If multiple dark-U(1) gauge bosons are present, they can mix with the SM photon, most probably via kinetic mixings as suggested in [13] . Since the rank of SU(2) dark ×U(1) Q gauge group is 2, there are two dark-Z ′ 's and we summarize their kinetic mixing with photon. 6 These arise via loops between photon and dark-photon through an intermediate particle(s) χ which carries both the electromagnetic and dark charges. After a proper diagonalization procedure of the kinetic energy terms, then the electromagnetic charge of χ can be millicharged, O(α/2π)e. In the heterotic E 8 × E ′ 8 string model, the extra E ′ 8 gauge group may contain dark-photons which will be called dark-Z ′ 's, leading to the kinetic mixing of O(α/2π) [16] . Indeed, an explicit model for this kind from string compactification exists in the literature [17, 18] .
The intermediate O(MeV) millicharged particles have not been ruled out by observations in the previous study [19] . For the discovery possibility at the LHC, we consider the electroweak scale dark-Z ′ 's. Consider three Abelian gauge groups U(1) QED and U(1) i (i = 1, 2). The kinetic mixing of U(1) QED and U(1) i dark-Z ′ ,s are parameterized by, following the notation of [20] ,
whereÂ µ (X i µ ) is the U(1) QED (dark-U(1) i ) gauge boson, and its field strength tensor isF µν (X i µν ). The kinetic mixings are parameterized by ξ's which are generically allowed by the gauge invariance and the Lorentz symmetry.
In the low-energy effective theory, ξ's are considered to be completely arbitrary parameters. An ultraviolet-completed theory is expected to generate the kinetic mixing parameters. The usual diagonalization procedure of these kinetic terms leads to the relation,
where
and we obtain
where the new field strengths are F µν , X 
Note that in this basis there is no direct interaction between the electron and the hidden sector gauge bosonX. If there exists a hidden sector Dirac fermion χ with the U(1) ex charge Q χ , its interaction with the hidden sector gauge boson is simply represented by
whereê ex can be different fromê in general. In this case, there is also no direct interaction between the hidden fermion and the visible sector gauge bosonÂ µ . We can recast the Lagrangian (15) in the transformed basis A µ and X µ ,
where we used the inverse of (12) 1 Det
with
Here, one notices that the standard model fermion has a coupling only to the visible sector gauge boson A µ even after changing the basis of the gauge bosons. However, the coupling constantê is modified to e as suggested in Eq. (17) . Similarly, we derive the following couplings for χ,
In this basis, the hidden sector matter field χ now can couple to the visible sector gauge boson A µ with the couplings −ê
In terms of the afore-mentioned SO(3) symmetry, it simply means the mismatch between the gauge couplings of the electron and other fermions. Thus, we can set the physical hidden sector coupling e ex as e ex ≡ê ex and we define the coupling of the field χ to the visible sector gauge boson A µ , introducing the millicharge parameter ε i , as ε i e such that
Note in general that e = e ex i . Since ξ i,12 ≃ O(ε i e/e ex i ) is expected to be small, the condition ξ i,12 < 1 gives α ex i /α > ε 2 . From a fundamental theory, one can calculate the ratio e ex /e in principle, which is possible with the detail knowledge of the compactification radius [22] .
Similarly, one can calculate the mixing of the SM Z boson with dark-Z ′ 's, which however is not presented here.
IV. FROM A STRING MODEL
In this section, we derive the minimal chiral model (5) discussed in Sec. II from a string theory. The
heterotic string model compactified on Z 12−I orbifold gives the flipped SU(5) flip times SU(5) ′ ×SU (2) ′ with several extra U(1)'s [23] . Here, the factor SU(5) flip contains a gauge group U(1): SU(5)×U(1) X . The first important U(1) gauge group is U(1) X in SU(5)×U(1) X , which is free of any gauge anomaly. The second is the anomalous U(1) anom . Except these two U(1) factors, U(1) X and U(1) anom , the non-Abelian gauge group is SU(5)×SU (5) ′ ×SU (2) ′ . Note that the charges of U(1) X and U(1) anom are,
In the orbifold compactification, frequently there appears an anomalous U(1) A gauge fieldsÃ µ from a subgroup of [25] . The charge of this anomalous U(1) A is given in Eq. (23) . In addition, the anomaly cancellation in ten dimensions (10D) requires the so-called Green-Schwarz (GS) term in terms of the second rank antisymmetric-tensor field B MN (M, N = 1, 2, · · · , 10) [26] . The 10D B MN always introcuces a model-independent (MI) axion a MI in 4D,
where H νρσ is the field strength of B ρσ [27] . The anomalous U(1) gauge boson absorbs the MI axion to become massive and there results a global symmetry U(1) anom below the compactification scale. More phenomenologically, U(1) anom can be suggested for a plausible flavor symmetry [24] . The global symmetry U(1) anom is good for a Peccei-Quinn symmetry [28] toward "invisible" axions at the intermediate scale M int [9] . Except the two U(1)'s, Eqs. (22, 23) , all U(1)'s are assumed to be broken at a high energy scale, much above M int . In a more detail, it works as follows. Suppose that five U(1) charges out of Q 1,··· ,6 are broken, and there is only one gauge symmetry remaining, which we identify as U(1) anom . Now, we can consider two continuous parameters, one is the MI-axion direction and the other the phase of U(1) anom transformation. Out of two continuous directions, only one phase or pseudoscalar is absorbed by the U(1) anom gauge boson, and one continuous direction survives. The remaining continuous degree corresponds to a global symmetry, which is called the 't Hooft mechanism [29] : "If both a gauge symmetry and a global symmetry are broken by one scalar VEV, the gauge symmetry is broken and a global symmetry is surviving". The resulting global charge is a linear combination of the original gauge and global charges. Even though we obtain a global symmetry U(1) anom , it is obtained from the original two gauge symmetries, one from the two-index anti-symmetric tensor gauge field B MN in 10D and the other the U(1) anom subgroup of E 8 × E ′ 8 given in Eq. (23) .
Here, the primed goups SU(5) ′ ×SU(2) ′ are the hidden sector non-Abelian gauge groups. The hidden sector representations under SU (5) ′ ×SU(2) ′ are given in Tables I and II [24] . After removing vector-like representations from Tables I and II , we obtain
where the tensor notation is used in the second line with the SU(5) ′ index A = {1, 2, 3, 4, 5} and the SU(2) ′ index α = {1, 2}. The representations in (24) do not lead to an SU (5) ′ anomaly. Let two SU(2) subgroup indices of SU (5) ′ be i = {1, 2} and I = {4, 5} so that the five SU(5) ′ indices split into
By the VEV of Φ Aα ≡ (5 ′ ,2 ′ ),
we obtain a group containing two SU(2)×U(1) ′ subgroups from non-Abelian factors SU(5) ′ ×SU(2) ′ , i.e. a rank-4 subgroup from the rank-5 non-Abelian group, which is denoted as
where the index i is for SU(2) 1 and the index I is for SU(2) 2 . In fact, the VEV (26) breaks the rank-5 SU(5) ′ ×SU(2) ′ down to rank-4 SU(4) ′ ×U(1) ′ . The rank-3 SU(4) ′ is further broken down to rank-2 SU(2) 1 × SU(2) 2 by the VEV in the direction, (2) ′ representations with the convention of Table I . We listed only the upper component of SU (2) ′ from which the lower component can be obtained by applying T − of SU (2) ′ .
Summarizing the above discussion, the rank-5 SU(5) ′ ×SU (2) ′ is broken down to a rank-3 group by V 1 and V 2 ,
and
Thus, V 2 breaks Y 2 which does not participate in Q of Eq. (30) . SU(2) 1 and SU(2) 2 generators are
The SU(2) 1 ×SU(2) 2 ×U(1) Q quantum numbers are
where several colored pairs form vectolike representations. Removing the green and blue vector-like pairs, and one combination of the red pair
0 ] where S(A) represents the (anti-)symmetric combination, we obtain
Now
which are exactly those appearing in Eq. (5). Considering only the low energy SUSY, we have shown that the minimal chiral model is derivable from a string compactification. So, it will be useful if the SUSY scenario is consistent with the unification of gauge coupling constants. Since there are so many unknown parameters in this study, we deferred a brief discussion on SUSY scenario to Appendix.
V. CONCLUSION
We obtained a new chiral model with the gauge group SU(2) dark ×U(1) Q without any gauge and gravitational anomalies. This gauge group may belong to the dark sector. We also derived this chiral spectrum from a compactification of the heterotic string. This new chiral theory has a chance to be found at TeV scale accelerators through the kinetic mixing effects. Necessarily, there appear two degrees at low energy: two dark-Z ′ 's, or a dark-Z ′ plus a dark-photon (if V S = 0 in Eq. (9)). Toward a suggestion for an ultra-violet completed theory, we discuss at which scales symmetry breakings are introduced. Firstly, we need one confining force for dynamical SUSY breaking [30, 31] . The confining non-Abelian gauge group at the intermediate scale is chosen as SU (5) ′ . Around the same scale, SU(5) ′ is broken down to SU(4) ′ and at a somewhat lower scale to SU(2) 1 by the condensation of matter superfield, breaking SU(2) 2 . Because SU(2) 2 is neutral under the SU(2) dark ×U(1) Q transformation, the discussion leading to the minimal model is intact. A rough sketch of related scales is shown in Fig. 1 . The confining superfields in Eq. (34) are
where α = {1, 2} counts the number of color degrees of SU (2) 
where the composite states D and S are SU(2) dark ×U(1) Q doublets and singlets, respectively, composed of A, B, and C degrees,
Even though SU (2) 
The red dashline is for SU(2) ′ .
SU(5)
where V 1 < M GUT . From the compactification scale down to M GUT , SU(5) ′ runs more steeply than SU(2) ′ , which is illustrated as the separate couplings at V 1 in Fig. 1 .
In the radiative breaking of the SM gauge group in the MSSM, the large top quark Yukawa coupling plays a crucial role. To break SU(2) dark ×U(1) Q , near the electroweak scale, we need some large Yukawa coupling(s) involving 2 +1 2 's, 2 −3 2 , 1 −1 's, and 1 +2 in Eq. (35).
Running of couplings
For a rough guess of the coupling constants, we use just one loop evolution equations. With the mass order of Fig.  1 , we have the following running of gauge couplings,
where SU(5) ′ couplings are tilded. In the figure, we also sketched the running of the SU(2) W ( SU(3) C ) coupling as the (green) dash line. From the observed value of α 2 at µ = M Z for sin 2 θ W (M Z ) ≃ 0.23 [32] , we obtain its GUT scale value. Identifying this as the SU (5) ′ coupling at M GUT , we estimate the couplings as sketched in Fig. 1 . We assume that SU (4) ′ gauginos condenses at ≈ V 1 ,
Then, between V 1 and V 2 , we consider the group SU(4) ′ . At V 2 ,α 2 has not reached to an order one value, but Ψ IJ can be developed at V 2 . The representation 6 of SU (4) ′ has a larger Casimir operator 
such that the mixing angle is | sin θ| MZ ≃ α Q /(α 2 +α Q )| MZ ≃ 0.213. At M Z ,α 2 (M Z ) is much larger than the electroweak coupling α 2 (M Z ). If the VEV 2 1/2 has the same order as V D of Eq. (8), then we obtain dark-Z ′ 1 mass at the electroweak scale. Actually, the dark-Z ′ masses depend on the parameters, the mixing angle and the VEVs given in Eqs. (8) and (9) .
We also note that there exists a possible superpotential term,
which may allow Ψ IJ = V 2 by the condensation of (1, 2) +1 (1, 2) −1 .
Confinement of SU(2)1
The large SU(2) 1 coupling in Eq. (48) suggests a possibility that SU(2) 1 confines around the electroweak scale. Let us consider four doublets of Eq. (5) as
where two SU(2) 1 doublets are represented as R-handed chiral fields and the subscripts are the U(1) Q charges. Below the SU(2) 1 confinement scale, we consider the following condensations
and use the mass ratio presented in Eq. (10). Whenα 2 becomes order 1 at the scale µ 2 , let us assume that SU(2) 1 confines. The condenstation scale is guessed as µ 2 /2, following the estimate of the QCD condensation scale ūu ≈ 1 GeV/3 where α C (1 GeV) ≃ O(1).α 2 becomes order 1 at µ 2 ≃ 22.2 GeV. In this setup, we estimate the masses of two dark-Z ′ 's as [34] ,
where we used V S = V D and sin θ = 0.2. Note, however, that our estimate is very primitive because we used V 1 = M GUT , one-loop running for gauge coupling evolution, followed the hypothetical SUSY breaking, and a naive chiral symmetry breaking below the SU(2) 1 confinement scale. Nevertheless, this crude estimate has lead to two electroweak scale dark-Z ′ 's.
